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This paper proposes a novel concept of dielectrophoresis (DEP) -active hydrophoretic focusing of 
micro-particles and murine erythroleukemia (MEL) cells. The DEP-active hydrophoretic platform consists 
of crescent shaped grooves and interdigitated electrodes that generate lateral pressure gradients. These 
embedded electrodes exert a negative DEP force onto the particles by pushing them into a narrow space in 
the channel where the particle to groove interaction is intensive and hydrophoretic ordering occurs. 
Particles passing through the microfiuidic device are directed towards the sidewalls of the channel. The 
critical limitation of DEP operating at a low flow rate and the specific hydrophoretic device for focusing 
particles of given sizes were overcome with the proposed microfiuidic device. The focusing pattern can be 
modulated by varying the voltage. High throughput was achieved (maximum fiow rate —150 ^iL min"^) 
with good focusing performance. The non- spherical MEL cells were utilised to verifj^ the effectiveness of the 
DEP-active hydrophoretic device. 



Over the past few decades microfiuidic platforms have made significant progress due to their reduced 
consumption of reagents, fast assay preparation, portability, and ease of integration with multiple sample 
processing\ Manipulating particles in microfiuidic devices has a variety of applications, such as trap- 
ping, focusing, and sorting cells and micro-particles. One application of focusing particles into a narrow stream to 
enhance the performance of fiow cytometry which is then utilised for counting, detecting, and sorting micro- 
beads^ has already been developed; this application can be categorised into the active and passive manipulation of 
particles. Active manipulation utilises external energy such as acoustophoresis^ magnetophoresis^ and 
dielectrophoresis(DEP)^"^^, whereas passive manipulation includes hydrodynamic^^"^^, inertiaP\ and hydro- 
phoretic^^"^^ methodologies that can be used to dominate the trajectory of particles. In general, active techniques 
are precise methods to control the target particles. DEP has made significant progress over the last decade due to 
its label-free nature. Dielectrophoretic particle focusing is primarily based on the non-uniform AC electric field 
induced by microelectrodes inside the channels^"^ where the particles are pumped by a pressurised fiow and then 
focused to a tight stream by balancing forces^^. Despite its advantages, increasing the throughput of DEP-based 
devices when focusing particles remains an ongoing research problem. Some researchers have made progress in 
improving the fiow rate of DEP-based devices. Markx et aV^ used AC DEP to separate viable and non- viable yeast 
cells at a fiow rate of 500 |iL min" \ Huang et a?^ introduced DEP forces for field-fiow fractionation, and high fiow 
rate of 160 |iL min"^ was achieved in a 200-|im high by 17-mm wide micro-channel. Park et aU proposed a novel 
microfiuidic platform that combined a separation channel and a concentration channel into a single device. E.coli 
was focused and separated from human cerebrospinal fiuid. 94.3% of E.coli was separated and the fiow rates of 
sheath fiow and sample stream were set at 5 |iL min"^ and 0.5 |iL min"\ respectively. Cheng et al.^^ reported a 
high-throughput continuous particle sorter utilising a 3D travelling-wave DEP. Red blood cells were effectively 
focused and separated from heterogeneous samples that were filled with debris, with a maximum fiow rate of 
10 jiL min"\ Although direct current (DC) DEP can focus particles^^, high voltages are needed to generate 
enough DEP force, which may then generate Joule heating and lead to the formation of bubbles. Additionally, DC 
DEP is a non-pumping method for particle focusing where the particles are driven by electro -osmotic fiow^^ and 
migrate at a relatively low speed. Hydrodynamic focusing based on a passive method is still simple and effective, 
although focusing depends mainly on the accuracy of fiow control, because any unstable pumping will lead to an 
imperfect confinement of particles and defiect them from their initial positions. Huang et aV^ proposed a 
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deterministic lateral displacement (DLD) to continuously separate 
beads with high resolution which demonstrated, successfully sepa- 
rated blood cells and isolated plasma from whole blood^^. DLD can be 
combined with DEP to improve the separation efficiency. Beech 
et a?^ utilised DEP force and steric force to move particles having 
a diameter close to the critical diameter in the displacement mode. 
But fabricating an array of posts in a micro- channel may prove to be 
challenging. A novel approach to focus particles based on hydro- 
phoresis has recently been reported^'*. 

Hydrophoresis is a sheathless and passive method that utilises a 
pressure gradient induced by the microstructure and steric effect 
between the particles and grooves^^. The concept of hydrophoresis 
has demonstrated its capability by separating micro -particles and 
isolating white blood cells (WBCs) from RBCs^^'^^. This new tech- 
nique has a promising future in manipulating particles in a micro- 
channel because of the ease of parallelisation. A hybrid method of cell 
rolling and hydrophoresis has been proposed by using a parallelised 
device consisting of 20 channels^^. Hydrophoretic ordering has been 
studied experimentally because the particles can be ordered and 
focussed by hydrophoresis and therefore its diameter should norm- 
ally be larger than half the height of the channeP^. However, it does 
have some limitations because the particles being processed in the 
hydrophoretic experiment were around 10 jim in diameter, which 
means the height of the channel was usually less than 20 |im, and the 
channels were 50 jam wide, which made it difficult to achieve high 
throughput. As for DNA separation^^, the cost of fabricating a 
1.2 jim high channel is very high because of the accurate resolution 
and high precision needed for photolithography. Meanwhile, narrow 
channels may lead to higher flow resistance, which means that more 
energy will be consumed by the syringe pump, and the channels can 
easily be blocked by dust from the air. Even though hydrophoretic 
filtration has a high resolution where 1 1 |im and 12 jim particles can 
be separated in a micro-channel with slanted obstacles and filtration 
obstacles^^, hydrophoretic devices still lack flexibility. Once a channel 
is fabricated, its height is fixed at a certain value so the size of particles 
which can be focused and separated is determined in advance by the 
height of the channel. 

In this paper we first propose the concept of "DEP-active hydro- 
phoretic focusing" which is a combination of DEP and hydrophor- 
esis. The critical limitation of DEP operating at a low flow rate and 
the specific hydrophoretic device for focusing particles with a given 
size are overcome in our microfluidic device. Here the particle is 
levitated by negative AC- DEP and its equilibrium position in a 
micro -channel relies on the magnitude of the electric field. The 
stronger the electric field is, the higher the equilibrium position 
the particles have. This means that interaction between the particle 
and groove becomes intensive and steric hindrance occurs even 
though hydrophoretic ordering has not been satisfied and the dia- 
meter of the particle is less than half the height of the channel 
(Fig. la). Whether the particles can be focused or not is determined 
by the external electric field. A particle with a diameter that is less 
than half the height of the channel can still be focused in our channel 
without redesigning and fabricating a new channel. In this study 
the anisotropic flow resistance is induced by crescent- shaped grooves 
to focus the micro -particles and murine erythroleukemia (MEL) 
cells into sidewalls of the crescent- shaped micro-channel (CSM). 
Compared to traditional hydrophoretic devices, CSM has a larger 
cross section which makes it easy to achieve high throughput. 
The effects of applied voltage, flow rate, and particle diameter on 
DEP -active hydrophoretic focusing were investigated and DEP- 
active hydrophoretic focusing of MEL cells in a CSM has been 
demonstrated. 

Results 

The motion of particles in a DEP-active hydrophoretic device. In a 

non-uniform electric field the polarisable particles suspended in an 
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Figure 1 | DEP-active hydrophoretic focusing, (a) Overview of device 
showing the crescent- shaped channel on top of the interdigitated 
electrodes. Particles, levitated by negative DEP force in z-direction, will 
interact with grooves along which a pressure gradient is induced by the 
anisotropy of flow resistance and reach each side of channel, (b) 
Schematics of the particle trajectory in cross-section along y-direction. A 
giving particle has tunable equilibrium height under different electric field. 



aquatic medium will experience a dieletrophoretic force. The net 
force Fdep» are given by^^: 

^DEP = 

where is the absolute permittivity of the suspending medium, and 
r denotes the particle radius, £rms is the root-mean-square value of 
the applied electric field, VErms^ is the gradient of the square of the 
applied field £rmsj Re indicates the real part. iC(co) refers to the 
Clausius-Mossotti (CM) factor which depends on the complex 
permittivities of the particle and the suspending medium, and the 
frequency of the external electric field as well: 



(2) 



where = £ — /cr/o) (/ = a/— 1) is the complex permittivities, o is the 
electrical conductivity, and co is the frequency of the electric field. 
The subscripts (p,m) represents the particle and suspending medium, 
respectively. The K{(jS) factor, a dominating role in DEP force, 
represents the dielectric properties of particles and suspending 
medium under different frequencies of the electric field applied. If 
the permittivity of a particle is greater than that of the suspending 
medium (iC(cL)) > 0), a positive DEP (p-DEP) is generated in this 
mode, where the particle migrates to the region of a strong electric 
field. However, if K{oS) < 0, the motion of the particle is repelled 
from the region of a strong electric field, which is termed negative 
DEP (n-DEP). 
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In our focusing experiment, the particles experiencing an n-DEP 
force will be levitated in the suspending medium. Theoretical mod- 
elling of the CM factor for different particles types was reported by 
Park et al\ The DEP force also relies on the square of the applied 
field, which implies that the larger the electric field applied, the 
greater DEP force will act on the particles. The magnitude of the 
DEP force reduces exponentially with increasing distance above 
the electrodes, which drives the particles to an equilibrium position 
by balancing the DEP force and a sendimentation force Fgj-av in the z- 
direction. The equilibrium position of a given particle is tunable by 
applying a different electric field (Fig. lb). 

When fluid passes through a curved channel, the fluid near the 
centre has a higher inertia than fluid close to the walls and tends to 
move outwards around a curve that in turn creates a pressure gra- 
dient induced by the anisotropy of flow resistance. Because the chan- 
nel is sealed, fluid near the walls recirculates inwards due to the 
centrifugal pressure gradient, inducing two symmetric vortices 
which is called Dean flow^\ In a curved channel, two dimensionless 
numbers that characterise the Dean flow are defined as the Dean 
number De = Re(H/2Ry'^ and curvature ratio 3 = H/2R, where R is 
the radius of the curvature of the channel and H is the width of the 
channel. The Dean flow velocity scales as Ud ~ De^ ^\ 

In the CSM (Fig. 2), due to the low resistance provided by grooves 
in the cross section, fluid will fill the grooves and induce a transverse 
movement within the channel. The pressure of the fluid in the central 
grooves is higher than that at the sides. This anisotropic structure 
generates a pressure gradient from the central grooves to the sides 
which induces helical recirculation^, where the helical streams rotate 
like a gear following a sequence of upwards, deviation, downwards, 
focusing, and then upwards again (the insets of Fig. 2a). 

Particles suspended in the medium have helical motions that fol- 
low the flow of the fluid. Particles also experience four stages in each 
cycle: deviation, downwards, focusing, and upwards (Fig. 2b). This 



deviation in the flow brings particles to the side of the channel where 
the velocity is relatively low in bulk flow (the blue line in the Fig. 2b). 
The particles move down in downwards flow and then the focusing 
flow brings the particles to the centreline of the channel where the 
velocity in bulk flow is higher than at the walls. Meanwhile, particles 
will migrate along the bottom of channel and then move up following 
upwards flow. The cycle of focusing and upwards is longer than 
deviation and downwards (as shown in Fig. 2b), mainly because 
the particle velocity during focusing and upwards is faster than devi- 
ation and downwards. In this way the particles will move back and 
forth in the channel. 

Hydrophoresis utilises a steric hindrance mechanism to separate 
or focus particles under a pressure gradient induced by anisotropic 
flow resistance^l The steric effect arises when atoms in a molecule are 
brought too close together. Atoms are likely to occupy preferred 
positions rather than overlap each other, a principal that works well 
in micro -scale physics. As a giving particle (D in diameter) reaches 
the proximity of the sidewall, then Dean flow brings it to the central 
area of the channel and pushes it upward, driving it to align with the 
surface of the groove (as shown in Fig. 2b and Fig. 3a left). When a 
particle is comparable in size with the height of the channel (H^), 
steric hindrance prevents a particle following the Dean flow. Thus, 
particles keep moving near the sidewall instead of migrating back and 
forth in the channel. This hydrophoretic ordering is largely deter- 
mined by the height of the channel. Where D/Hg > 0.5, the grooves 
begin to hinder particles following the Dean flow induced by aniso- 
tropic microstructures and causes hydrophoretic ordering^^ 

In short, interaction between particle and groove deflects those 
particles that are almost the same size as the height of channel from 
their normal trajectories, and leads to a new equivalent flow path 
which is called hydrophoretic ordering. Those particles experiencing 
a negative DEP force will be levitated in the suspending medium in 
the presence of the electric field, which leads to more interaction 
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Figure 2 | Dean flow, (a) The schematic diagrams of the CSM and the simulated results of flow field in the cross-sections. The flow direction is along the y- 
axis. The anisotropic microstructure induces helical recirculation, including an upwards, deviation, downwards, and focusing flow, (b) Particle 
trajectory in top view and side view. The particles follow the flow field and experience four stages in each cycle: deviation, downward, focusing, and 
upward. Blue represents low particle velocity, while red refers to high particle velocity. 
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Figure 3 | Microfluidic device for DEP-active hydrophoretic particle focusing, (a) Particles not obeying the hydrophoretic ordering migrate back 
and forth in the channel (Left), while they can be focused to the sidewalls of channel in the presence of an external electric field at the same 
conditions (Right), (b) Optical micrographs of the crescent-shaped grooves in the focusing channel with specific geometric parameters of Rl = 125 |am, 
R2 = 175 |am, W = 250 |am, H = 45 |am, Hg = 45 |am, and S = 175 |am. The crescent-shaped grooves were formed on the top of the channel. 



between particles and grooves. Therefore, even though the diameter 
of the particles is less than half of the channel they still have some 
possibility for hydrophoretic ordering when they migrate along the 
equivalent flow paths and remain close to the sidewalls of the chan- 
nels without deviation after the electrodes have been activated 
(Fig. 3a). The height that particles are levitated relies on the mag- 
nitude of the electric field. Assuming that the particles are pushed 
high enough to lead to hydrophoretic ordering, they will focus on the 
sidewalls of the channel, but larger particles, exerting a greater DEP 
force, will be levitated to a higher position in the z- direction, which 
means the interaction between particles and grooves is more intens- 
ive and hydrophoretic ordering will arise easily. Therefore, whether 
the particles can be focused on each side of channel or not is tunable. 

DEP-active hydrophoretic focusing. We first tested the effect of 
applied voltage on DEP-active hydrophoretic focusing. Using the 
device with crescent-shaped grooves and interdigitated electrodes, 
we observed that beads passing through them showed different 
patterns. In this experiment 10 jim diameter particles were 
introduced and the flow rate was 20 |iL min"\ The trajectories of 
the particles in each image were captured at a time interval of 1/7 s 
and the images were superposed. The particles were smaller than half 
of the height of the channel in diameter, which did not satisfy 
hydrophoretic ordering, so they migrated back and forth inside the 
channel (as shown in Fig. 2b) and could not form hydrophoretic 
focusing (the right of Fig. 4a) without an electric field. However, 
the particles did tend to focus on the sidewalls of the channel when 
a voltage of 5 Vp.p at a frequency of 1 MHz (the right of Fig. 4c) was 
applied. At this frequency beads were subject to a negative DEP force 
and were levitated to a higher position in the channel which resulted 
in a more intensive steric interaction between particle and groove 
that led to hydrophoretic ordering. Regardless of their initial 
positions, beads were focused onto each side of the channel. As 
Fig. 4e shows, the focused positions were closer to the sidewalls of 
the channel as the voltages increased, such that the higher the 
voltages applied, the less focused were the widths. 

Next, we examined the effect of the flow rate on DEP-active hydro- 
phoretic focusing. The influence of the flow rate on the focusing 
position and width of the particle was investigated in the CSM with 
voltages of 5 Vp.p applied and a flow rate ranging from 10 to 200 |iL 
min"\ Particles of 13 jam were introduced into the CSM. The cres- 
cent-shaped grooves in a channel were omitted, and the linear velo- 
cities of particles flowing through the 250 |im wide by 45 jim high 
channel ranged from 1.48 to 29.63 cm s"\ Figure 5 showed that the 
beads were focused on each sidewall of the channel and had two 
separated peaks from 51.19 ± 7.76 jim and 190.79 ± 7.76 jim to 



43.43 ± 6.20 jimand 196.28 ± 6.20 jim, and a flow rate that changed 
from 10 to 150 jiL min"\ Although the flow rate was up to 150 jiL 
min"\ the particles were still focused well into the channel. 

We then investigated the effect of particle diameter on DEP-active 
hydrophoretic focusing. Particles of 8-, 10-, and 13-|im diameter 
were introduced into the micro-channel at a flow rate of 20 |iL 
min"\ Figure 6a shows the focusing profiles with different particle 
diameters and without an external electric field. The particles were 
evenly distributed at the outlet as they were injected from the inlet. 
Although the 13-|im particles had a tendency to focus onto the sides 
of channel, some particles moved towards the centre of the channel. 
Those particles with different diameters had clear focusing profiles at 
an applied voltage of 8 Vp.p (Fig. 6b), and the separated peaks were 
symmetrical about the centreline of the channel. As we increased the 
voltage from 0 to 8 Vp.p, the focusing widths of particles with differ- 
ent diameters decreased rapidly (Fig. 6c). The focusing widths fell 
from 86.65 to 23.81 jam for 8-|am beads. We observed a similar trend 
with the lO-jim beads, where the focusing widths were 82.46, 38.72, 
20.40, and 15.30 jim for 0, 2, 5, and 8 Vp.p, respectively. With the 13- 
|im beads, the focusing width decreased to 17.05 jim at a voltage of 2 
Vp.p. Then the focusing width reduced to 13.94 |im when the voltage 
applied went to 8 Vp.p. 

Most cells in nature are not completely spherical and exhibit dis- 
tributions in cell size. To verify whether non-spherical particles can 
be focused in our DEP-active hydrophoretic device, MEL cells 
(12 jim in diameter) were used in our experiment. The cells passed 
quickly into the channel, which proved difficult to capture with the 
CCD camera, so a flow rate of 1 jiL min"^ was selected. In this 
condition the trajectories of the cells were recorded in micrographs 
with stretched lines, as shown in Figure 7a. The inset describes the 
morphology of MEL cells. The lateral positions of the cells were 
measured, and then the number of particles that appeared in differ- 
ent positions was counted manually (Fig. 7b). After passing the 
microfluidic device, approximately 44.2% and 50.7% of the MEL cells 
went through the channel within the lateral range from 25 to 75 jim 
and from 175 to 225 |im. 

Discussion 

In order to better understand these DEP-active hydrophoretic phe- 
nomena, a numerical simulation was conducted utilising COMSOL 
software and the particle trajectories and electric fields were calcu- 
lated. The particles utilised for this simulation were 10 jim in dia- 
meter. A fluid flow was applied along they- axis at a flow rate of 20 jiL 
min"\ The particle trajectories were simulated without an electric 
field and with an electric field in Fig. 5a. This software has some 



SCIENTIFIC REPORT: | 4 : 5060 | DOI: 1 0.1 038/srep05060 



4 



Inlet Outlet 




Lateral position .v (jim) ChaiiFicl height z ((.im) 

Figure 4 | Experimentally focused patterns and numerically predicted particle trajectories of 10-^im particles at various voltages. The applied flow rate 
was 20 \\L min~\ The beads were evenly distributed at the inlet. The simulation geometry had the same geometric dimensions with the experimental 
channel. Optical micrographs showing the voltage- dependent focusing positions of (a) 0 Vp-p and (c) 5 Vp-p. (b) Particle trajectory at both the inlet 
(Left) and the outlet (Right) without an external voltage. Particles migrated back and forth and were not focused in the channel, (d) Particle trajectory at 
both the inlet (Left) and the outlet (Right) at voltages of 5 Vp-p. Particles focused onto the sidewalls of the channel with the effect of steric hindrance, (e) 
Measured focusing profiles under different applied voltages, (f) Plot of the calculated gradients of the square of the applied field in the z-direction along 
the line, A-A. 



drawbacks; the particles were immobilised when they touched the 
groove, which is a mismatch to the actual situation, and we also 
plotted the calculated gradients of the square of the applied field in 
z-direction along the line A-A in Fig. 4d to investigate the electric 
fields at various voltages. 

Without an external electric field, particles that were released 
evenly into the inlet occupied the whole channel in the z-direction 
(the left of Fig. 4b), but after the electrodes were excited, the particles 
were pushed into a narrow space in the channel where the steric 
interaction between the particles and grooves occurred (Fig. 4d). In 
this way the 10 jim-diameter microspheres remained in their 
focused position, which perfectly matched the experimental results 
(Fig. 4c). Figure 4f shows the simulated gradients of the square of the 



field applied in the z-axis at 2 and 5 Vp.p voltages where the max- 
imum intensity of the electric field gradient at 5 Vp.p was ~5 times as 
high as that at 2 Vp.p. The gradients of the electric field reduced 
exponentially as the distance above the electrodes increased, which 
is consistent with the conclusion from Pethig et aV^. Compared with 
a voltage of 2 Vp.p, the particles located at the lower position 
(—20 |im or less) exerted a larger DEP force and pushed quickly to 
higher positions when a voltage of 5 Vp.p was applied. Thus, the 
focusing performance at 5 Vp.p was better than that at 2 Vp.p. 

As Fig. 5 shows, the increasing flow rate had little effect on the 
focused position, a result that was consistent with the previous work 
of Park and Choi^^, who reported that the particle position was 
independent of the flow rate when the flow rate range was less than 
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Figure 5 | Focused positions and widths of the 13 ^im particles. The flow 
rate was changing fi-om 10 to 200 [iL min"\ The appUed voltage on the 
electrodes was 5 Vp-p. Each focusing position and width was obtained 
from measuring the fluorescent profile. 

5 |iL min"\ The maximum flow rate for focusing with good per- 
formance in our experiment was —30 times as high as that reported 
by Park and Choi^^. The pressure gradient between the centre and 
sidewall of the channel increased with the increasing flow rate and 
forced the particles to move slightly closer to the sidewall of the 
channel. However, after the flow rate increased to 175 |iL min"^ 
the particles focussed very well and the focusing position moved to 
the centreline of the channel and increased in width. When the flow 
rate went to 200 jiL min"^ the particles did not focus any more. Since 
the particles passed through the channel very quickly, they were 
exposed to the electric fleld for a shorter time and could not be 
levitated high enough to generate a hydrophoretic ordering so the 
focusing performance deteriorated. 

The influence of particle diameter on the focusing width was 
strong because the larger particles experiencing a higher DEP force 
had a higher equilibrium position by balancing the DEP force and 
gravity in the z-axis. Therefore, larger particles were pushed into a 
narrower space where hydrophoretic ordering occurred easily and 
the particles were focused onto the sidewalls of the channel. Because 
the magnitude of the electric fleld gradients reduced exponentially as 
the distance above the bottom of the channel increased (Fig. 4f), they 
remained almost the same when the height was up to 20 jam or more, 
and as the applied voltage increased. Once the particles levitated to 
20 jim or higher, where the DEP force was less dominant, the focus- 
ing performance changed slightly with an increase in the external 
electric field (Fig. 6c). Figure 7b showed the focused positions of MEL 
cells were symmetrical about the centre of the channel, which showed 
a similar focusing movement with the beads. Even though the dia- 
meter of the MEL cells was less than half of the channel height, which 
did not satisfy the condition required for hydrophoretic ordering, 
they were still focused on the sidewalls of channel at 5 Vp.p. 
Therefore, the DEP-active hydrophoretic device can be utilised for 
biological cells and it will provide a tunable microfluidic system for 
clinical diagnostics. 

Methods 

Design and fabrication of microfluidic device. Details of the fabrication were 
reported in our previous work^^ "^". Briefly, an electrode layer of 50 nm Ti/150 nm Pt 
was then patterned with a standard lift-off process. The spacing and width of the 
interdigitated electrodes were both 20 [im. The SU-8 master mould, patterned on a 
silicon wafer, was fabricated by two-step photolithography. The channel consisted of 
60 units of identical crescent- shaped grooves, each of which had a small and large 
curvature of 125 |im (Ri) and 175 [im {R2), respectively (Fig. 3b). The width of the 
channel W was 250 |im, the height was H = 45 |im, the height of the grooves was 
Hg = 45 \im, and the pitch between the grooves was S = 175 \im. 

Preparation of polystyrene microspheres. Fluorescent micro-particles were 
purchased from Thermo Fisher Scientific, USA. Particles of 8 |im (Product No. 36-3, 
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Figure 6 | Focusing patterns of 8-, 10-, and 13-^m particles. The applied 
voltage was changing from 0 to 8 Vp.p. The applied flow rate was 20 [iL 
mm~\ The particles had a uniform distribution at the inlet, (a) Optical 
microscopy images showing the size-dependent focusing patterns in the 
absence of applied voltage and (b) at an applied voltage of 8 Vp.p. (c) 
Measured focused widths from the fluorescent profiles. Average value of 3 
times of measurement. 



CV18%), 10 \im (Product No. GIOOO, CV5%), and 13 |im (Product No. 36-4, 
CV16%) in diameter were used in our experiments. The final concentration was about 
10*^ beads per millilitre after diluting them with deionized water. 

MEL cells were kindly supplied by Dr. Sally A. Eaton (University of Sydney, 
Sydney, Australia). The cell lines were maintained in complete culture medium 
(RPMI-1640 medium containing 10% fetal serum and 5 mM L-glutamine) at 37°C 
and 95% air/5% CO2. MEL cells were marked using PKH26 red fluorescent cell linker 
kit (SIGMA- ALDRICH, Product No. P9691). The detailed procedure refers to 
technical guidelines provided by SIGMA-ALDRICH. 

Experimental setup. The AC electric field was generated by a function generator 
(3 3250 A, Agilent, USA). The copper wires soldered onto the platinum pads were 
connected to the function generator to activate the electrodes. Prepared particle 
suspension was pumped into the channel with a syringe pump (Legato 100, Kd 
Scientific). The movement of particles through the CSM was monitored by an 
inverted microscope (CKX41, Olympus, Japan) and captured by a CCD camera 
(Rolera Bolt, Q-imaging, Australia). The images were post-processed by the software 
Q-Capture Pro 7 (Q-imaging, Australia), and images of particle tracing were acquired 
by overlaying the consecutive images. The fluorescent profiles were taken from the 
outlet to measure the focusing performance of this device. The focusing width was 
defined as the distance between two points where the intensity value occupied half of 
the threshold. The focusing position was measured from the middle of these two 
points. As for DEP-active hydrophoretic focusing of MEL cells, cells flowing through 
the CSM were recorded in consecutive images (400 frames; 7 frames per second). The 
cells passing through different positions in the channel were counted manually. 
Focusing experiments were repeated three times. Electrodes were excited with a 1- 
MHz sine wave for microspheres and with a 10-MHz sine wave for MEL cells. 

Numerical simulation. COMSOL Multi-physics 4.3 (COMSOL, Burlington, MA) 
finite element software was used to calculate the flow field and electric field in CSM. A 
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Figure 7 | Focusing patterns of MEL cells. The applied flow rate was 1 [iL min"^ and applied voltage was 5 Vp.p at a fi-equency of 10 MHz. The cells were 
evenly distributed at the inlet, (a) Optical microscopy images showing the focusing patterns of the cells in the microfluidic device. The inset describes the 
morphology of the cells, (b) Cell frequency at different lateral positions. Average value of 3 times of measurement. 



laminar steady incompressible flow model was used because the maximum Reynolds 
number in the experiments was about 30, which is much less than the 2300 that is 
normally considered as the transition number from laminar to turbulent flow'^\ An 
electric current module was applied to calculate the distribution of electric field in the 
channel, which will create the DEP force on particles. Another module, particle 
tracing for fluid flow, can couple laminar flow module and electric field together to 
simulate particle trajectory in the micro-channel. 
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